Abstract-This paper describes the results of experimental testing using a high-speed permanent magnet synchronous machine and its motor drive designed to recover potential energy in mobile gantry crane applications. Rubber-Tired Gantry (RTG) cranes are commonly used in shipping ports around the world to move containers massing up to 40 metric tons. These cranes are mobile and derive their electrical power requirements for the hoist motor from a diesel engine and generator set rather than from the utility system. Because these cranes are independent of the utility system, energy regenerated via the hoist motor as a container is lowered to the ground is typically wasted as heat in dissipator resistors. This paper details the operation and experimental results of a novel long-life flywheel motor and its drive system which can capture the regenerated energy and provide it for subsequent container lifts. Such a flywheel system has proven to significantly reduce fuel usage and diesel engine emissions.
diesel emissions. These cranes employ conventional power trains consisting of a diesel engine coupled to an alternator which provides electrical power for a set of hoist, trolley, and gantry motors. The diesel engine prime mover allows an RTG crane to be unencumbered by a utility mains connection as it moves about the shipyard.
When a shipping container is lifted by a conventional RTG crane, the diesel engine provides the energy demanded by the hoist motor. When the container is lowered, the container's potential energy is converted by the hoist motor into electrical form, but the conventional drive system has no means to store this regenerated energy. Consequently, this energy is typically dissipated as heat in resistor banks resulting in a reduced Figure 1 . Rubber-tired gantry crane overall system efficiency and increased fuel consumption and emissions.
This paper describes the results of experimental testing during which the conventional power train of an RTG crane was converted to a hybrid version using a pair of high-speed flywheels for energy storage. High-speed flywheels are ideal energy storage devices for use with RTG cranes as they are able to both source and absorb large amounts of power at the high cycle rates demanded by the hoist motor. They have been used in other demanding high-cycle environments when long life is required with much success [2, 3] . This paper will provide: 1) an overview of an RTG crane, 2) its electrical system performance when lifting and lowering loads without flywheels, 3) an overview of the flywheel and its associated motor drive, and 4) the improvement in the operation of the crane with flywheels employed. II hold of a container with a device called a spreader. The spreader has a mass of 10 t; the crane can lift a maximum shipping container mass of 40.6 t yielding a total lift load of 50.6t.
Using hoist, trolley, and gantry motors, RTG cranes can move containers in three degrees of freedom. The hoist motor is used to raise and lower the container, trolley motors move the container from one side of the crane to the other, and gantry motors are used to reposition the entire crane. This paper focuses on testing conducted with the hoist motor only, since the trolley and gantry motors afford lesser regeneration opportunities.
B. Electrical
The simplified power train for the crane tested is shown in Fig. 2 During operation at the port, crane operators attempt to maintain a pace of moving one container per minute. A typical operating scenario consists of the crane loading containers onto awaiting trucks as shown in Fig. 3 . In such a case the empty spreader is lowered into a stack of containers that can be anywhere from 1 to 4 containers high. The target container is acquired and lifted out of the stack. The crane trolleys the container to a position above the truck and then lowers the container onto the truck. The cycle is completed when the empty spreader is raised away from the truck and is then trolleyed back to the container stack.
In the above scenario the empty spreader is raised and lowered once, likewise the combined spreader and container load is raised and lowered once. There are also two trolley operations, one with an empty spreader and one with a combined spreader and container load.
From these observations, a testing method was devised that simulates the typical operating scenario and allows for evaluation of the crane's fuel consumption and emissions output both with and without the flywheel energy storage. The test method consists of raising and lowering the empty spreader once a minute for 30 minutes followed by raising and lowering a combined spreader and container load once a minute for 30 minutes. Thus at the end of a standard one hour test, 60 lifts are performed. The trolley events were neglected since energy consumed and regenerated during this time is small compared to that of the hoist motor. The test method is summarized in Table I . and the same human operator is used for both portions of the test. Fig. 6 shows the dc bus voltages and dc rectifier currents for the hoist motor drives during a container lift. The voltages sag 200 In practice, the target container for a given move can be located at a variable height within the four container tall stack. Maximum fuel consumption and emissions output occurs when the target container is located on ground level between full-height container stacks as shown in Fig. 3 . These worst case conditions were simulated during testing by raising and lowering the hoist a distance equal to the height of four containers which is approximately 10.6 m According to port authorities, the typical shipping container has a mass of about 15 t. Thus, a container with a similar mass of 15.3 t was selected for use during testing. Throughout the testing, fuel consumption and emissions data were measured. Additionally, electrical system performance was recorded at the dc bus of each hoist motor drive; these locations correspond to the connection points for the flywheel energy storage system described below.
III. CRANE OPERATION WITHOUT FLYWHEELS A. Lifting Event
During the first phase of testing, baseline fuel consumption and emissions output from the diesel engine were determined. The crane was operated according to the one hour test described above without the flywheel energy storage. Figs. 4 and 5 show the dc bus power supplied to each hoist motor drive during an empty spreader lift and 15.3 t container lift respectively. During the time the hoist power is ramping towards its peak, the hoist is accelerating; once the desired lifting speed has been achieved, the hoist power demand is reduced and the load is lifted at constant speed with constant power.
At the beginning and end of the lifts, short duration power fluctuations can be observed. The as more power is pulled from the alternator as expected. The drive voltages are nearly identical except for a brief time after the hoisting is concluded at approximately 16 s. The voltages rise at the end of a lift because the drives employ regenerative braking to reduce the kinetic energy of the load at a controlled rate. The dc rectifier currents reflect the same mismatch as the drive powers discussed above.
B. Lowering Event
When the hoist is lowered, the conventional RTG crane has no ability to store the energy that is regenerated. This energy is thus dissipated as heat by the resistors shown in Fig. 2. Fig.  7 shows the dc bus voltage of drive 1 and the filtered dc bus power regenerated from both motor drives during the lowering of the empty spreader. The waveforms are similar for the case when the container is lowered. During the constant power portion of the waveforms, the hoist is lowered at a constant speed. To stop the descent of the hoist, power regeneration from the motor drives is increased thereby extracting the kinetic energy from the spreader as can be observed during the interval from 16 to 18.5 s. Note that while the hoist is being lowered and the resistor is dissipating power, the voltage oscillates between 730 to 750 V as the chopper switches the resistor into and out of the circuit. Additionally, the motor drive power mismatch during lowering is reversed compared to the lifting case.
C. RTG Crane Efficiency
By comparing Figs. 4 and 7, an aggregate efficiency estimate can be computed for the crane hoist system including: the crane's mechanical hoisting components, the hoist motor, and the inverters of the hoist motor drives. Specifically, from Fig. 4 it is observed that an average total power of 113 kW was required to lift the empty spreader at a constant speed of 0.86 m/s. The total power received during regeneration when the hoist was lowered at the same speed was 61 kW. The efficiency estimate, q, can then be calculated as 'itwo-way = 61 *k100 % = 53.9 %, 7toa 113 kW (1) is shown in Fig. 8 with a cutaway view of the rotor superimposed.
When flywheels are used with an RTG crane, two units are employed; a single unit provides isolated energy storage to an individual hoist motor drive as shown in Fig. 9 . The two units are packaged together and installed underneath a crane support beam as shown in Figs. 10 and 11. Total energy storage with two flywheels is 9.14 MJ, which is much more than the 5.26 MJ of potential energy stored by a maximum hoist load of 50.6 t as it traverses 10.6 m. When a minimum operating speed of 10,000 r/min is taken into account, the total usable energy storage is 8.43 MJ.
The excess energy storage was reduced by decreasing the maximum operating speed to 20,000 r/min yielding a usable energy storage of 2.12 MJ (0.59 kWh) for the flywheel pair. This decrease is advantageous as it results in decreased losses and simplified motor drive and magnetic bearing control. The final maximum operating speed was selected by considering the typical container masses most often encountered in operation and the efficiencies of the systems involved. For instance, typical containers mass 15 t, and relatively few mass more than 20 t. Thus the ability to capture the energy regenerated from lowering a 20 t container is a desirable goal. ..series connections in supercapacitor banks [5] . Fig. 12 shows the total power regenerated by the hoist motor drives to the dc bus as the spreader is lowered. The speeds of both flywheels increase during this time as the potential and kinetic energy of the spreader is absorbed. The mismatch in flywheel speeds reflects the power mismatch of the hoist motor drives and is of no concern during operation. Fig. 13 shows the total regenerated dc bus power and -~~~~~~~~~~~~~f lywheel speeds for when the 15.3 t container is lowered. If the container is more massive than 20 t, the flywheels will be fully charged to 20,000 r/min before the hoist descent is completed. In this event excess power will be dissipated by During a lift, the flywheel controller measures the engine power at the dc bus and is programmed to limit the engine power to 50 kW by supplying the power difference required by the hoist while it is accelerating. In this manner, the peak power demand on the diesel engine is reduced which in turn reduces engine wear, fuel consumption, and emissions output. After the power peak, the hoist is lifted at a constant speed. The flywheel controller then gently reduces the maximum flywheel output power to 60 kW per flywheel unit (120 kW per flywheel pair) allowing the engine to ramp up in power gradually and thus avoid heavy particulate emissions. As the flywheels approach a fully discharged s r/min, Figs. 14 and 16 show the remaining demand is transitioned to the engine gradually. power mismatch between the hoist motor drives, are likely not to reach 10,000 r/min at the Therefore the power transition can be observed a two steps as each flywheel is discharged. 
VI. TESTING RESULTS SUMMARY

